A detailed investigation of the atomic structure and radiative parameters involving the lowest states within the 6p 4 , 6p 3 6d, 6p 3 7s, 6p 3 7p and 6p 3 7d configurations of neutral polonium is reported in the present paper. Using different physical models based on the pseudo-relativistic Hartree-Fock approach, the influence of intravalence, core-valence and core-core electron correlation on the atomic parameters is discussed in detail. This work allowed us to fix the spectroscopic designation of some experimental level energy values and to provide for the first time a set of reliable oscillator strengths corresponding to 31 Po I spectral lines in the wavelength region from 175 to 987 nm.
Introduction
Because of the high radioactivity of all its isotopes, polonium (Z¼84) is a very rare element in nature. According to Fry and Thoennessen [1] , forty-two polonium isotopes with atomic masses ranging from A ¼186 to A¼227 have been discovered so far. All of these isotopes are characterized by short half-lives, the most stable species being 209 Po with a half-life of 102 years. Among naturally occuring polonium, 210 Po has the longest half-life with 138.39 days. This isotope can be found in small concentrations in the earth's crust and in the atmosphere. Nevertheless, despite its rarity in our environment, this chemical element arouses a growing interest since a few years because of its potential applications in different scientific fields such as nuclear physics and astrophysics.
In nuclear physics, the spectroscopic properties of polonium has attracted much attention over the last years. In particular, laser-induced fluorescence spectroscopy in a collimated atomic beam was applied by Kowalewska and coworkers [2] to determine isotope shifts and the hyperfine structure of the isotopic chain 200 Po, 202 Po, [204] [205] [206] [207] [208] [209] [210] Po. The measurements were based on the observation of resonance fluorescence after excitation of the atomic transition 6p 4 3 P 2 -6p 3 7s 5 S 2 of Po I. More recently, three new ionization schemes for polonium were tested with the resonant ionization laser ion source (RILIS) during the online production of 196 Po in a UC x target at CERN-ISOLDE. The saturation of the atomic transitions were observed and the yields of the isotope chain [193] [194] [195] [196] [197] [198] 200, 202, 204 Po were measured [3] . With the same facility, in-source resonant ionization laser spectroscopy of the even-A polonium isotopes of the atomic nucleus. The same experiment was also used to extract new information on the β decay and the hyperfine structure of 199 Po [6] . As support to further experimental or theoretical studies of nuclear properties in polonium, it is essential to know the atomic structure of this element with the highest possible accuracy. In astrophysics, recent observations have suggested the presence of short-lived radioactive elements, such as Tc (Z¼43), Pm (Z¼ 61) and 84 rZr99 elements at the surface of the chemically peculiar roAp star HD 101065, also known as Przybylski's star [7] [8] [9] [10] . In particular, Gopka et al. [8] presented the results on new identifications of the lines of all radioactive elements with atomic numbers from Z¼84 to Z¼99, except for Z¼85 (At) and Z¼87 (Fr). The presence of these heavy short-lived radioactive elements in HD 101065 star is enigmatic (see discussion in [7] [8] [9] [10] [11] [12] [13] ). Goriely [14] has stressed the importance of spallation nucleosynthesis compared to diffusion processes as a possible explanation of the chemical composition of the outer layers of some chemically peculiar stars. The available astrophysical spectroscopic observations are however affected by large uncertainties essentially due to the lack of atomic data for the elements of interest.
These heavy elements are also an interesting challenge for the theoretical calculations in view of their very complex atomic structures containing a large number of electrons. In the present work, we concentrate on the particular case of neutral polonium (Po I) for which different pseudo-relativistic Hartree-Fock (HFR) models have been used to compute the atomic structure and radiative parameters involving the lowest states within the 6p 4 , 6p 3 6d, 6p 3 7s, 6p 3 7p and 6p 3 7d configurations.
This study is an extension of our previous theoretical works dedicated to the atomic properties of some other short-lived radioelements such as technecium (Z¼43) [15] , promethium (Z¼61) [16] , francium (Z¼87) [17] , radium (Z¼88) [18] , actinium (Z¼89) [18] and americium (Z¼95) [19] .
The experimental spectrum and energy levels of polonium
In the current atomic spectra database available on the National Institute of Standards and Technology (NIST) website [20] 8s even-parity and odd-parity configurations, respectively. These values were essentially taken from the work of Charles [21] who revised and extended the previous experimental analyses of the polonium spectrum performed by Charles et al. [22] and Mrozowski [23] . More precisely, Charles [21] 
Atomic structure calculations
The computational procedure that we have used for modeling the atomic structure and calculating radiative parameters in Po I is the pseudo-relativistic Hartree-Fock method described in detail by Cowan [24] . In order to investigate the effects of intravalence, core-valence and core-core electron correlations, six sets of calculations (A-F) were performed in the present work. These are summarized in Table 1 . In view of the large number of uncertainties affecting the positions, the spectroscopic designations and/or the J-quantum numbers in the configurations with nZ7, we focused our study on the lowest states belonging to 6p 4 the Po VII ionic core were estimated using a pseudopotential and a correction to the dipole operator according to the HFR þCPOL procedure described in many of our previous papers (see e.g. [25] [26] [27] ). These CPOL corrections depend on two paremeters, i.e. the electric dipole polarizability of the ionic core, α d , and the cut-off radius, r c , which can be seen as a measure of the size of the ionic core. For the first parameter, a value of α d ¼2.00a 0 3 was graphically extrapolated for Po VII from the theoretical values of Fraga et al. [28] along the platinum isoelectronic sequence (see Fig. 1 ). The cut-off radius, r c , was chosen to be equal to 1.17a 0 which corresponds to the HFR average value 〈r〉 for the outermost core orbital (5d).
In each of these approaches (from A to F), the final wavefunctions were obtained by a parametric fit of the calculated energy levels to the experimental values taken from [20, 21] . More precisely, for the even parity, 8 level energies were used to optimize the average energy, E av , the Slater electrostic interaction integral, F 2 (6p,6p), the spinorbit parameter, ζ 6p , and the effective interaction parameter, α, in the 6p 4 configuration as well as the average energy and the spin-orbit parameter, ζ 7p , in the 6p 3 7p
configuration. In the case of odd parity, 9 experimental energy levels were used to adjust the numerical values of the average energy, E av , the Slater direct, F 2 (6p,6p), and exchange, G 1 (6p,7s), integrals in 6p 3 7s configuration, together with the average energy, E av , and the Slater exchange integrals, G 1 (6p,6d) and G 3 (6p,6d), in 6p 3 6d
configuration, with the constraint that the ratio between these two latter parameters is kept fixed during the fitting process. Note also that the 6p 3 7d average energy was adjusted using the experimental value of 6p 3 7d (J ¼2) level at 59469.66 cm À 1 [21] . In addition, the ab initio HFR values for all the other Slater integrals, F k , G k and R k , not adjusted semi-empirically were scaled down by a factor 0.80, as suggested by Cowan [24] . In Table 2 
Radiative parameters
The theoretical oscillator strengths, log gf, computed in the present work using the HFR models A-F described above are compared in Table 3 for 31 Po I lines involving all the experimentally known levels listed in Table 2 . Note that transitions affected by severe cancellation effects in the calculation of the line strength, i.e. transitions for which the cancellation factor CF as defined by Cowan [24] is smaller than 0.01, were removed from the table. The influence of the different types of electron correlation on oscillator strength calculations in polonium atom is illustrated in Fig. 2 . In this figure, the ratios between gfvalues computed using our different HFR models are compared for all the Po I lines listed in Table 3 , numbered according to the order of appearance in that table. When looking at Fig. 2 , one can observe that single and double excitations from both the 6s and 6p subshells (models B-E) play a non negligible role in the overall calculation of transition rates of interest while core-polarization effects from the Po VII [1s However, when looking into more details, we note that the most important electron correlation effects on the oscillator strengths depend on the type of transition considered. As Table 3 and in Fig. 2 ). In this case, the computed oscillator strengths are only slightly sensitive (within 10%) to single excitations from the 6p (model B) and from the 6s (model D) core subshells while double excitations from the same subshells have a negligible effect.
Conclusion
Different physical models based on the pseudorelativistic Hartree-Fock method have been used for modeling the atomic structure and for computing radiative parameters in neutral polonium. They have emphasized the dominating influence of core-valence and core-core correlation for the 6p 4 -6p 3 6d and 6p 4 -6p 3 7s transitions.
They also allowed us to provide a new set of decay rates for lines involving the lowest states in the 6p 4 , 6p 3 6d, 6p 3 7s, 6p 3 7p and 6p 3 7d configurations and to give a reliable spectroscopic designation to some energy levels not clearly classified in previous works. This investigation is expected to provide a theoretical support to laserspectroscopy experiments at ISOLDE and to check other theoretical methods that will be used to compute hyperfine structure and isotope shift electronic parameters in the future. In addition, the new set of oscillator strengths obtained in the present work provides the basic information for a quantitative analysis of the polonium content in some chemically peculiar stars.
Fig. 2.
Comparison between oscillator strengths obtained in the present work using different HFR models. In each panel, the y-axis gives the ratio of gf-values computed with two successive models, i.e. including an increasing number of interacting configurations (see text). The x-axis of the plots corresponds to the Po I spectral line indexes, which are assigned according to the order of appearance in Table 3 (i.e. by increasing wavelengths).
